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Origin of the temperature dependence of interlayer exchange coupling in metallic trilayers
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We study the influence of collective magnetic excitations on the interlayer exchange codf@)gin
metallic multilayers. The results are compared to other models that explain the temperature dependence of the
IEC by mechanisms within the spacer or at the interfaces of the multilayers. As a main result we find that the
reduction of the IEC with temperature shows practically the same functional dependence in all models. On the
other hand, the influence of the spacer thickness, the magnetic material, and an external field are quite different.
Based on these considerations we propose experiments that are able to determine the dominating mechanism
that reduces the IEC at finite temperatures.
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[. INTRODUCTION The first two contributions are closely associated with the
Many aspects of the coupling of two magnetic layersCoUPling mechanism. The third effect works rather parallel to
separated by a paramagnetic, metallic spacer are well unddfl€ coupling mechanism itself, but, nevertheless, has conse-
stood today. The coupling is caused by spin dependent re-duences for the amount of energy achieved by the coupling.
flections of spacer electrons at the interfaces. It oscillates It is the aim of this paper to study the role of the different
with the spacer thicknedd. The periods are determined by contributions to the temperature dependence of the IEC.
the spacer, namely by stationary Fermi surface spanning ved-hereto we have to gain explicit expressions for c@e.
tors in growth direction. These are vectors parallel to the filmThe first two contributions can be described in the frame of
normal that connect two points on the Fermi surface andb initio theory combined with Fermi liquid theof§ as well
have a vanishing first derivative with respect to the plana@as in a quantum well pictureThey are thoroughly discussed
components of the Fermi vectors. in literature. The third mechanism is due to collective mag-
However, the origin of the temperature dependence is stilhetic excitations which are beyond the scope of these theo-
under discussion. Up to now it is not clear if the temperaturgies. We derive the expressions using a Heisenberg model
dependence is governed by effects within the spacer, at thehich is best suited to describe the low energy spin wave
interface or within the magnetic layers. There are severagxcitations within the magnetic layers.
proposals for mechanisms reducing the coupling at finite The paper is organized as follows: In the next section we
temperatures. review and discuss the spacer and the interface contribution.
(i) Spacer contribution In Sec. lll we introduce our model system, derive the expres-
One reason for the reduced IEC is the softening of thesions for the magnetic contribution, and discuss its qualita-
Fermi edge at higher temperatures, which makes the couive behavior. A comparison of the different contributions
pling mechanism less effective. This was proposed by Brundollows. In the last section we compare experimental results
and Chappeftand Edwardst al? It leads to a certain tem- with these trends and propose experiments that are able to
perature dependent factor for each oscillation period. decide whether one of these mechanism dominates in real
(i) Interface contribution trilayer systems.
The argumentp, of the complex reflection coefficients
r,=|r,/€¢ at the spacer/magnet interface may be highly en-
ergy dependent. This gives rise to an additional temperature  1l. SPACER AND INTERFACE CONTRIBUTION
dependence of the IEC since the energy interval of interest
around the Fermi energy increases with temperdtbiEhe
same may in principle apply to the norm of.® A rather
obvious effect is the reduction of the spin asymmetry of th
reflection coefficientAr=r,—r, with temperature. ~ 2= Q1 - Q. 2)
(iii) Magnetic layers
Collective excitations within the magnetic layers reduceT0 consider the temperature dependence one wants to de-
their free energy. Since the layers are coupled the excitatiorficribe the system at a given particle number rather than at a
depend on the angle between the magnetization vectors éKed chemical potential. Therefore the grand canonical po-
both layers. Thus the reduction of the free energy will betentials have to be replaced by the free energy densities
different for parallel and antiparallel alignment of the mag- _
= 2iner=F11 = Fyp. (3)

netic layers. This difference
i 1l Within the quantum well picture it is assumed that the sys-
AFmad ) = Frad T) = Frnad T) @ tem is a Fermi liquid, which is correct for the spacer only.
contributes to the temperature dependence of the IEC. Furthermore, it is assumed that the single particle energies

The interlayer coupling energy, ., is usually defined as
the difference of grand canonical potential densities of the
Jarallel and antiparallel aligned systefn
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are temperature independent. Actually, this is the assumptiol ! — r T T T T T T 1

that excludes the effects of thermally excited spin waves in — = 00076 K"
this model. Furthermore, this assumption leads to temperas c.=0.0039 K"
ture independent reflection coefficients and is justified only ! - c;=o_0055 K!

at temperatures well below the Curie temperature. Finally, g o9
the norm of the reflection coefficients should vary only 8
slightly with energy while its argument has to be a continu-
ous function of energy at the Fermi edge. Now, the crucial &
quantities for the temperature dependence are the
following:1©

« the spacer thickned3, or equivalently, the number of
spacer monolayerns;

« the stationary Fermi surface spanning vectors parallel ta

the film normalgg. Here the indexx counts these vectors; Mo % 100 150 200 250 300
 the Fermi velocity at these vectors T/K
ke FIG. 1. The spacer contribution to the temperature dependence
(e, )—1: (+-) ~ of Jinter @according to Eq(5) for the case of a GO01) spacer with
F(+-) de 20 ML (dashed ling The parameters;, c, were taken from Ref. 8;

all other parameters from Ref. 2. The solid line is the function
wherek,.._, denotes thez components of the starting and cT/sinh(cT).

end point of the spanning vector;

¢ and the energy derivative of the argument of the reflec- 1 1 1
tion coefficient asymmetrAre=|Ar|d¢” at the stationary f“(Co-T) = 1+l 1--(cy- T)z(l ——(cy- T)2>-
; c,-T 6 6
pointsk« 6
8
o _ 49"
Dy = de |e=ep' (4) This behavior resembles a potential law. The effective expo-
nenty,, defined as the best fit parameter in
With the restrictions mentioned above the coupling can be
written ag® f%(T) =~ 1 —x, e (9)
Jinter = > J%e(N,0) - f4N,T) (5) is between one and twd <y,<2). One can read off from
@ Eq. (7) that the main difference between the spacer and the
interface contribution is their dependence on the spacer
with the temperature dependent functions thicknessD. While the spacer contribution scales linearly
with D the interface contribution is independent®f
FAN,T) = — C. T ' Let us qlisguss thg rat.m;mer(jl')/Jimer(O). For the case of a
sinh(c,T) single oscillation period it is simply given biyT) from Egs.

(6) or (9). This simple relation does not hold for more than
one oscillation period. However, as seen in Fig. 1, the spacer

Co = AN +D". 6) and interface contribution to the temperature dependence is
Here still approximately given by
ap = 27kgD q d lel h q Jinted T) - cT (10)
a’N= epends solely on the spacer an Jred0)  sinh(cT)

o
hvg

Y _ o and the fit parameter has the same order of magnitude as
b= 2mkgDy, is the interface contribution.  (7)  the parameters, from Eq.(6). In the next section we derive

] ] the respective expressions for the magnetic contribution and
Reca” thata counts the number Of Stat|0nary Fermi SurfaceCompare them Wlth the results described above.

spanning vectors and hence the number of oscillation periods
in JneN)L. The spacer contribution constarag depend

only on the well known variables? andds,=D/N. They are lll. CONTRIBUTION OF MAGNETIC LAYERS
very small with a typical order of magnitude o&* A. The model

4 _l . .y . .
~ 10" K™ Ab initio studies show that the values fot are
not considerably highérThusc®-T is a very small quantity, Our model consists of two equivalent magnetic monolay-
too, in the temperature regime of interest. We can thereforers A, B with a ferromagnetic nearest neighbor Heisenberg
expand exchange
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—_ tures and is correct for zero temperature. Using the Holstein-
Hi=-J ‘Sa+Sp-Syp) J>0. 11
! % (SaSa* S Sp) D Primakoff transformatiolf we obtain a bosonic Hamiltonian

) , .. that describes spin waves in the magnetic shaedsd B
The sum runs over all pairs of nearest neighbors within a

layer. The layers are coupled by an interlayer exchange term H=E,+ > [D1q(Nga+ Ngp) + Dz(a;bq + bTaq)]
q ’
q

Ho=-32 Sa-Si (12)
I
1
and a magnetic field is added NEO =-JS-2pS$-2B'S,
H3=-B'2 (Saz+ Sio)- (13)
|

D1q=2),S+JS+B’,
B’ is shorthand fogugB. The field is strong enough to align
the magnetic moments of both layers parallel, even if the D,=-JS. (16)
interlayer coupling), is antiferromagnetic. This suits the ex-
perimental situation of a ferromagnetic resonance experilhe terma(b):; creates a spin wave with wave numizpmn
ment in the saturated limit The second term describes the the layerA(B); n®® is the respective spin wave density;
interlayer coupling mediated by the spa¢ér>(<)0 gives  denotes the in-plane coordination numhksis an abbrevia-
(antiferromagnetic coupling The microscopic constary, tion for J(p—1y); and y, is a geometrical factor
should be distinguished from the interlayer coupling energy
Jinter Which is a contribution to the free energy density of the Yq= > dad
system as defined in E(B). At zero temperaturd, andJinter A

are closely connected and one finds after a simple and. . . I
straightforward calculation with A denoting a vector between nearest neighbors within a

layer. The new Hamiltonian is bilinear and can be solved
Jinter= S (14)  exactly, for instance, by a Bogoliubov transformation. Thus

Sdenotes the spin quantum number. To account for the tenf2N€ obtains the single particle excitation energies

perature dependence resulting from the spacer and the inter- wq, = 2J,S+B’

faces one has to replace the constirity an effective, tem- *

perature dependent quantity f(N,T). However, we want to

calculate the effect of the magnetic contribution alone and wq =2J,S+B'+2J)S (17
assume in the following that the mechanisfsand ii) are ]
unimportant for the considered temperatures. The condtant @nd the ground state ener@y from Eq. (16). For antiferro-
comprises all important spacer and interface properties dpagnetic coupling a minimal f'?|‘$'=|2~]l54_'5 needed to
zero temperature as, e.g., spacer thickness, spacer materfy0id negative excitation energies. To define the interlayer

geometry, interface roughness and so on. The whole Hamifxchange coupling we follow, e.g., Ref. 15 whekg,, is
tonian is the sum of all terms above treated as a contribution to the free energy density

H:H1+H2+ H3. (15) F:FO+ FeX1

The same model was studied by Almeida, Mills, and

Teitelmart? to get information about the interlayer exchange Fex= = JinterCOL$) ¢=2(MpMp). (18)
coupling. However, they discuss the temperature dependence . . . . . .
of the spin wave excitations within a renormalized spin wave'S€rting $,=0 and¢,= into this expression we immedi-
theory following Dysori3 In this theory the spin wave exci- ately arrive at the definitio3) used in the quantum well

tations can be described by effective, temperature dependeicturé and inab initio theory. However, for finite coupling
coupling “constants’*(T) and J*(T). In Ref. 12 the tem- (J, # 0) one of these angles is not the equilibrium angle. The
perature dependence af is discussed respective configuration is unstable against spin wave exci-

But note that in our case the crucial quantity is dtT) tation, which may cause problems in the evaluation of Eq.

: . ; . (3). To avoid these complications we evaluate ELB) di-
?:;t gﬁ;ngzgigeéi;?#p&g% igfe:%r]ter(bztv?;edneggfr? \'/';r:i%'lesrectly. Fo is the part of the free energy density that is not
" . guis y o f(:onnected with the interlayer coupling. It can be obtained
An important difference is that the temperature variation of. . :
P ; . . : immediately using
J;(T) is caused bynteractionsof spin waves, while the mere
excnauo_nof spin waves already redgcéﬁter(T). Fo=F(J,=0). (19)
We will now describe howl;(T) is extracted from our _ _
model and present analytical as well as numerical results. Here F(J,=0) is the free energy density of the uncoupled
_ system where the couplinjj is set to zero while all the other
B. The coupling parameters are the same as in the full system. Since we con-
We solve the Hamiltoniai15) within the free spin wave sider a parallel alignment of all magnetic moments in the
approximation which is a good treatment for low tempera-ground stat&$=0) we simply get
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- Jinter: Fex: F- F(JI = 0)

For the free energy densities of the full and the uncoupled

_ _ S o0s
system we find, respectively, B
£
L-F=-kgTInE = 06
g
=Ey+ kBTEq [In(1 —ePea) +In(1 -ePea)], =

L-Fo=—kgTInEq=Ex(J = 0) +kgT>, 2 In(1 —e7Pa.).
q

0.2

L is the size of the system, i.e., the number of sites within a 0

layer. = o denotes the partition function. Note that in our
model the chemical potential is equal to zero. Consequently
the free energy is identical to the grand canonical potential
which justifies the equations above. The interlayer exchange
coupling finally reads

1 shown.
Jinter= 39S = kBT[E IN(1 - e0)| - |In(1 - e7Bea)|.
q
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FIG. 2. Temperature dependent factor Jf,, plotted against
temperature in different scales. Here and in the following figures
solely themagneticcontribution to the temperature dependence is

low temperature¥ <30 K. Here and in the following calcu-

(21)

This equation can be easily evaluated. Furthermore, an an
lytical expression can be derived: Let us assume, e.g., a qu
dratic lattice. The dominating terms in the sum over the two-

dimensional Brillouin zone stem from the vicinity of thé
point whereq is small and we can writelquqz, whereq is
the norm ofq. After expanding the logarithm and replacing
the g summation by an integral we get

1
Jinter = JISZ_ kBTE G

n=1
1 (%
X(l—e‘ﬂ'zjlsrb-—f dgqer?snd. (22
27T 0

The integral is written in polar coordinatég, ¢) and the
trivial ¢ integration has already been performed. The tggm

lations the parameterd are chosen to be comparable with
experimentt15 using Eq.(14). The effective intra-layer cou-
%Ting Jis chosen such that the spin wave stiffness of the bulk

raterial has a realistic order of magnitudg@=10
—-100 meV for transition metald. For these parameters we
find a certain decrease df,., between 0 and 300 K.

Figure 3 shows the dependencef¢f) on the zero tem-
perature couplingl,(0). The temperature dependence is
more pronounced if,(0) is small. However, the differ-
ences between the curves are very small.(0) appears
twice in Eqg.(23), once in the denominator and once in the
exponent. These contributions seem to cancel each other al-
most perfectly. The dependence on the intra-layer cougling
is much more pronounced. This is seen in &8) as well as
in Fig. 4. Materials with a large effective couplinighave a
much less pronounced temperature dependence.

In addition, the functiorf(T) depends on the external field

is the averaged extension of the first Brillouin zone. SinceB (Fig. 5. External fields stabilize the coupling, since more
terms with large values af only contribute negligibly to the ~energy is needed to excite a magnon and the ground state is
integral, we may approximately replace the upper limit bystabilized.

infinity and use the tabulated integrd}y dtte™'=(2a)™.

Thus we end up with ! ' ' ' T
--3S% =800 peV| |
Jinte T 1 1 ~ T
f(r)= ned Dy _ (kgT)?-3(T), T oo T a00pevi]
Jinte0) 8mISJinte0) =) e - =225 peV| |
& = - =10.0 peV
- 4 =" o8l Y .
E(T) — E _Ze—BBn(l —_ e_é‘]imer(o)ﬁn)_ (23) ._ié '.\,.\.3.\\ J =90.0 meV |
n=1 N 0.7 e .
The infinite sum converges by the majorant criter{oote \’;3':’.2:.\
the constraintB’ >{2J,§ for antiferromagnetic coupling 06} TG -
The first derivative ofS(T) with respect toT is negative-® RGN
while the first derivative of the terikgT-2(T) is larger than 05 | T
zero. Thus the coupling decreases with temperature faster o 0.2 04 0.61 s 03 1
than 1—x T but slower than 1% T2. The effective coefficient (T/(3OO K)) .

y, defined in Eq(9), is between 1 and 2. The evaluation of

Eq. (21) clearly corroborates this trend as can be seen in Fig. FIG. 3. Temperature dependent factor B, plotted against

2. The effective coefficient is aroung=1.5 except for very
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FIG. 4. Temperature dependent factor Jfie; plotted against
temperature for different intra-layer couplings

This property also influences the dependencé(®j on
the coupling sign. One can read off from Eg3)

f(T,fm,B’ = 23,9 = f(T,afm,B’),

(24)

FIG. 6. Temperature dependent factor Jf, plotted against
temperature for two ferromagnetic couplings and one antiferromag-
netic coupling.

IV. COMPARISON OF THE DIFFERENT COUPLING
MECHANISMS

The spacer, interface and magnetic contribution show

which means, that for antiferromagnetic coupling an effecS0Me similarities:

tive field

* In the temperature regime where the theories are appli-
cable the functional dependencidg(T) resemble each

Ber =B’ - 2J,S, (25)  other. We have for all contributions
rather than the pure external field, is decisive. Thus the tem- f(T) = Jinter ) ~1-xTY (26)
perature dependence is more pronounced for antiferromag- Jinter0)

netic coupling compared with ferromagnetic coupling. This,, ., 1<y<2.

is shown in Fig. 6, where results for antiferromagnetic and  thare are. however. certain differences:
ferromagnetic coupling are shown f@k,(0)|=22.5 ueV. ' ’
For comparison a curve fod(0)=+40 ueV is shown.
The dependence on the norm &f, is almost negligible

compared to the influence of the sign. However, this very

e The dependence df(T) on the spacer thickned3 is
quite different. The spacer mechanism exhibits a sBict
dependence

influence is rather weak, too. fP2D, T)=f(D - T), (27)
The bghawor of the magnetic contrlbutlo_n, worked OUt.the interface contribution is independentf

above, will be compared to the spacer and interface contri- ’

bution in the next section. finterfacqp T) = (1), (298

while the magnetic layer contribution shows a very weak

L implicit dependence via the zero temperature coupling
R 5,S” = 400 peV ] nagne
ﬁ 0.9 N e J =70.0 meV | f (D!T) - f(‘Jlnter(OrD)lT) (29)
% o8k NG el i that oscillates with the spacer thickness.
= L TN N e » There are also differences concerning the dependence
-3 = on the magnetic material. The spacer contribution is indepen-
807 R . K . .
- dent of the magnetic material, the interface contribution may
o6k |- B= 0:(5’11‘(8 i be material dependent vIa, and the magnetic contribution
— = 50kG S exhibits a strong 1Y dependence, wher& is the effective
ol - = 500kG \\:....,'“ | coupling between the magnetic moments of the film.
) DTS * The magnetic contribution shows(aeak dependence
04 | . | . S on the coupling sign, i.e., the temperature dependence is
o 02 04 0.6 038 1 more pronounced for antiferromagnetic interlayer coupling,
(/300 K))l'5 if the coupling strength is the same.

* The magnetic contribution is suppressed by an external

FIG. 5. Temperature dependent factor Jyf,, plotted against

field. To our knowledge, there is no such effect for the spacer
temperature for different external fields.

or interface contribution.
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« Alloying of the spacer introduces disorder and can re- [
duce the amplitude of the couplifdg.n this case the tem- I
perature dependence of the spacer contributioredsiced
(see Ref. 18 while the temperature dependence of the mag-
netic contribution isincreased(see Fig. 3. However, this r
statement has to be taken with care, since alloying may als(_
change the stationary Fermi surface spanning vectors any 0' .
therewith the parametecs, of Eq. (6). For this case alloying "o ©
may increase or decrease the spacer contribution dependir—'
on the specific combination of materials. ’

The specific behavior of the different mechanisms opens
the possibility of identifying the dominant mechanism by
experiments. To this end we will review existing experiments 3
and propose new experiments in the next section. I

°I"  Ref 19 B Ref. 21

3

0 25 0 5 10 15 20 25

DI[A]

=)
Y
—
=)
-
w
[
S

V. EXPERIMENTS

There are not many reported studies dealing with the tem- F'C: 7- Parametec displayed against spacer thickness as ob-
perature dependend€T) of the interlayer coupling. Zhang ::med by different experiments. Large values afiean pronounced
et al1%2%studied Cg, 4/Ru, 4/Cos, 4 trilayers using ferro-  _
magnetic resonance. N. Perat and A. Dina studie '
Coyup/ Cua/ Coyup (hep) samples using squid magnetization

measurement8. Lindner and Baberschke performed ferro-

mperature dependence. The solid lines are linear extrapolations to

only source of temperature dependence in these samples. The

magnetic resonance measurements on i /Co,(001) spacer thickness dependence is very weak in Ref. 21 as ex-
sys?emlf’ AQU,/Coy(00]) pected by the magnetic contributigmdeedJ;(0) is very

With one exception(Refs. 19 and 20D=24 A) all data similar for both _data poinys On the other hand, the_ val_we
can be fitted to Eq(6). In all cases the parameterdeviates ~10M Ed.(7), which can be read off from the slope in Fig. 7,
clearly from the value expected from the spacer contributiorlS N rather good agreement with model theory
(7) alone. It was further shown by Lindnet al?? that the - A 41
data can be fitted with the same accuracy to @g.with y Box= 24X 107 K™ 3 =1 X 107K (30
=1.5. Both functional behaviors fulfill our expectation and The theoretical value is taken from Ref. 2.
can be caused by any of the described mechanisms. As dis- The situation in the ruthenium samplg$’ seems to be
cussed in detail above we have to know the dependence dfifferent. The contribution scaling with the spacer thickness
the intra-layer couplingl or on the spacer thickness to dis- is more important. There is a very interesting feature in the
criminate between the different contributions. Unfortunately,upper left panel of Fig. 7. There seems to be evidence for a
the dependence on the magnetic matg@aald therewith on  slight oscillatory behavior o as a function of spacer thick-
J) was not investigated in these studies. On the other hanghess. The oscillation follows thd,(0) value. For the
there are some data describing the influence of the spacepacer thicknesses of Ref. 21 no oscillationg;gf,(0) with
thickness. They are summarized in Fig. 7. There are twW@pacer thickness. This behavior favors a magnetic mecha-
parameters that are a measure of the thickness dependencen@m. On the other hand, the fittedvalue from Eq.(7) is
f(T), namely the parameterfrom Eq.(9) and the parameter again in reasonable agreement with the theoretical fésult
c from Eq. (6). Largex or largec indicates a large suppres-
sion of the coupling by temperature. In Fig. 7 the parameter A ~5X 104 K™ a=24x10*K™. (31
c is displayed rather thar since it is more convenient to
obtain its values from the experimental studies. The dat
points were taken directly from the papers or were extracte
from the respective plots.

The parametec increases with the spacer thickndssn

near fits are, of course, of bad quality due to the small

number of data points.
The data of Ref. 15 reveal a different picture. Here the
all cases. This qualitative trend is in accordance with thdarametec really seems to scale with the spacerthickpess as
predicted by the model theory of the spacer contribution. Of

spacer but also with the magnetic contribution. A linear in- ¢ int i ht firm thi hani
crease would favor a strong importance of the spacer contrf2OUrse, tWo points areé not €nough to confirm this mechanism

bution, while oscillations that followd, (0,D) would indi- ~ @nd the value of differs from the theoretical one by an
cate a decisive role of the magnetic mechanism. However, ierer of magnitude

all works there are not enough data points to establish a g~ 24X 103Kt ay~1x 104 K™, (32)
linear or oscillatory behavior.

If one assumes for a moment a linear dependence accorégain the theoretical value is taken from Ref. 2. This system
ing to Eq. (7) the solid lines in Fig. 7 are obtained. The was also investigated kab initio calculationg corroborating
graphs of Refs. 19—21 show a certain finite value forEhe the order of magnitude oy, Thus the origin of the strong
=0 extrapolation. Thus the spacer mechanism cannot be ttdifference remains unclear.

ﬂhe deviations of a factor of 2—3 are not alarming, since the
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In summary, no clear conclusion can be drawn from the VI. SUMMARY
existing experiments. There is clearly a need for more ex-

perimental data. We propose a_systematic inve;tigation of th‘?‘l metallic multilayers may be caused by effects within the
temperature dependence at different spacer thicknesses. T, acer, at the interface, or within the magnetic layers. We

spacer thickn_ess should be varied at least over a full oscillaggrived the magnetic part at low temperatures and discussed
tion of Jiyer with D. The parameters of Eq. (6) or x of EQ.  jis dependence on the spacer layer thickness, on the magnetic
(9) should be displayed as a function of spacer thickii2ss materials, on the sign of the coupling, and on the external
and as a function of the zero temperature couplig(0). field. These dependencies were compared with those of the
In addition, we propose the study of the temperature despacer and interface contributions. As a main result we found
pendence for different magnetic materigdsy., Co, Nj sepa-  that the functional dependence of the temperature dependent
rated by the same spacer.g., Cu. factor f(T) is roughly the same for all mechanisms. There are
With these experimental results at hand and with the thegertain differences in the dependencef6F) on the spacer
oretical results summarized in Sec. IV, one may isolate thgnickness and on the magnetic material. Based on these con-
dominating mechanism that causes the temperature depeggerations we proposed experiments that are able to identify
dence of the interlayer coupling in metallic trilayers. the dominant mechanism in metallic trilayers which is not

There is clearly a need for more theoretical s_tud_ies a$ossible with the experimental data available today.
well. Both aspects, the spacer and interface contribution, on

the one hand, a}nd the magnetic contribution, on the other, ACKNOWLEDGMENTS

should be described in one model on equal footing. Further-

more, the restriction to low temperatures, which is up to now This work is supported by the Deutsche Forschungsge-
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